Vaccine coverage is routinely used as a performance indicator for immunization programs both at local and global levels. For many national immunization programs, there are challenges with accurately estimating vaccination coverage based on available data sources, however an increasing number of low-and middle-income countries (LMICs) have begun implementing electronic immunization registries to replace health facilities' paper-based tools and aggregate reporting systems. These systems allow for more efficient capture and use of routinely reported individual-level data that can be used to calculate dose-specific and cohort vaccination coverage, replacing the commonly used aggregate routine health information system data. With these individual-level data immunization programs have the opportunity to redefine performance measures to enhance programmatic decision-making at all levels of the health system. In this commentary, we discuss how measures for assessing vaccination status and program performance can be redefined and recalculated using these data when generated at the health facility level and the implications of the use and availability of electronic individual-level data.
Introduction
Immunization programs strive to ensure that every child within their target population is adequately protected from vaccinepreventable diseases (VPDs). Improving vaccination coverage is a multifactorial effort that requires keen insights and oversight of both the target population and health system. Vaccine coverage is routinely used as a performance indicator for immunization programs both at local and global levels [1, 2] . In most countries, coverage data come from a combination of routine health information systems (RHIS) and periodic population-based surveys, each approach having strengths and weaknesses in terms of representativeness, data quality, and resources [3] [4] [5] [6] [7] [8] [9] . For many national immunization programs, there are challenges and limitations with accurately estimating vaccination coverage based on these available data sources [10] [11] [12] . Accurate coverage estimates are needed by immunization clinic staff, program supervisors, and national and global policy makers to take programmatic action and track progress towards immunization goals. Given this, global organizations such as Gavi, the Vaccine Alliance and the World Health Organization (WHO) have put out calls to action for countries to improve the quality and use of immunization data, with one proposed approach being the uptake of individual-level electronic health record systems.
An increasing number of low-and middle-income countries (LMICs) have begun implementing individual-level electronic immunization registries (EIRs) to replace health facilities' paperbased tools and aggregate reporting systems. According to the Pan-American Health Organization (PAHO) and the WHO, an EIR is a ''confidential, population-based information system that contains data on vaccine doses administered", it allows for the monitoring of vaccination coverage by provider, vaccine, dose, age, target group, and geographical area, and facilitates the monitoring of individuals receiving immunization [13, 14] . The United States' Centers for Disease Control and Prevention, further elaborates that EIRs ''collect and consolidate vaccination data from multiple health-care providers" as well as generate reminder and recall notifications [15] . When an EIR has additional functionalities, such as vaccine management or interoperability with other electronic systems, it is considered an immunization information system (IIS). These systems allow for more efficient capture and use of routinely reported individual-level data that can be used to calculate dose-specific and cohort vaccination coverage, replacing the commonly used aggregate RHIS data [16] . Electronic systems enable vaccination data to be collected in a standardized, searchable format, so they can be assessed and aggregated in real-time. These data expand opportunities to assess program performance, from being able to calculate all current RHIS aggregate and survey indicators, in addition to new measures not previously calculated. However, LMICs transitioning from paper to digital systems, and aggregate to individual-level data, may face new challenges with interpreting and using information collected by electronic systems.
By moving away from the use of facility data captured on paper to individual-level data captured electronically, immunization programs have the opportunity to enhance programmatic decisionmaking at all levels of the health system through more granular analytics and performance measurement. Much work has already been done on the use of individual-level data generated by EIRs in high-income countries, but little has been written on the use and implications of EIRs on performance measurement in LMICs. In this commentary, we discuss major considerations for how measures for assessing vaccination status and program performance can be redefined and recalculated using individual-level data generated at the health facility level. These measures are not new or novel, we simply present them in a context specific to immunization programs transitioning from aggregate measures, often generated by paper-based tools, to individual electronic data collection tools in low-resource settings and their potential limitations [14] . The measures we discuss are included in existing national and regional guidance, however we know that limitations exist with the current quality of EIR data, therefore limiting the utility of some of these measures, and forcing immunization programs to continue relying on other sources of information. We aim to describe what it means for LMICs moving from aggregate to individual data by way of introduction of an EIR in terms of performance measurement.
Historic measurement challenges in LMICs
Measuring immunization program performance in LMICs has historically been hindered by the available data sources and data quality, subsequently limiting the utility of measures used to track progress. Papania et al. previously described the three key characteristics needed for information to be used more effectively by immunization program staff: timeliness, accuracy, and particularity [17] . Timeliness refers to how quickly data are accessible, accuracy refers to the correctness of numerator and denominator data, and particularity refers to the level of specificity or granularity of the data, ideally down to each individual and vaccine dose.
Historically common administrative data sources in LMICs have been paper-based immunization registries, aggregate monthly summaries, and home-based records; the monthly summaries are often entered into an electronic database for reporting purposes. These data sources often lack at least one of the characteristics described above. The impracticality of utilizing the paperbased records to calculate performance measures causes programs to rely on unspecific aggregate measures, that are often inaccurate due to recording errors and suffer from poor completeness and timeliness of reporting [6, 11, 12] . Denominator estimates often come from population projections that are produced infrequently causing the accuracy of these estimates to decrease over time [18] . As the WHO has documented, few immunization programs have the resources to independently produce accurate target population estimates. These administrative data sources are supplemented by national surveys, such as the Demographic and Health Survey, conducted every 3-5 years [5] . Although survey data is often considered more accurate than administrative data, it is untimely, and often also unspecific as estimates are made at regional and national levels, in addition to suffering from selection and information biases [19] . Countries have relied on these data sources for decades, thereby consistently grappling with the limitations of the data for measuring progress. These limitations should decrease as electronic information systems become more widely used.
Common vaccination measures
Below we define and describe commonly used measures amongst LMICs to provide background on how these measures can be improved using individual-level data from EIRs, recognizing that terminology is often used inconsistently by immunization experts [20] .
Vaccination coverage
Traditionally, in many LMICs, vaccination coverage has been calculated from RHIS using the number of vaccines administered to any child seen at the facility in a month as the numerator, divided by the denominator of the facility's estimated monthly target population (estimated annual births/12). Coverage is often disaggregated and reported by children <1 year and 1 year receiving each dose. Coverage is calculated at the facility, district, regional, and national levels on a routine basis, however, national coverage estimates are finalized during an annual joint review process that compares administrative to survey data and takes contextual factors into consideration for the final estimate [4] .
Drop-out and lost to follow-up
The terms drop-out, incomplete or partial vaccination, and lost to follow-up are often used interchangeably amongst immunization program staff; for the purposes of the measures discussed here, drop-out (similar to incomplete or partial vaccination) is antigen specific and refers to delays in the administration of subsequent scheduled antigen-doses while lost to follow-up refers to a child who does not return to a facility for any subsequent vaccinations. Immunization programs often use drop-out to assess facility performance in terms of the number of children lost to follow-up, as well as a proxy for health system quality and population demand for vaccines. Traditionally drop-out is estimated by subtracting the number of second or third doses from first doses administered each month for a particular vaccine series and divided by the number of first doses at the health facility level. The number of children lost to follow-up is not typically reported by immunization programs, although it is often tracked by individual facilities.
Dose validity and timeliness
On-time vaccinations are crucial for ensuring children acquire and maintain immunity to VPDs. Vaccination validity is specific to a single dose in a vaccine series and important for determining if a child will acquire adequate levels of immunity following vaccination based on their age. Traditionally timeliness refers to whether a child receives a vaccine within a specific timeframe, where they can receive a dose early, on-time, or late. An up-todate vaccination schedule is generally based on whether all recommended vaccines were administered before a particular age or point in time [20] . Historically dose validity has not been incorporated into performance measures, except for surveys; for aggregate RHIS data in LMICs, doses are counted if they are administered, regardless of their timing.
Potential benefits of EIRs to improve measurement
Individual-level electronic immunization data offer numerous opportunities to increase the timeliness, accuracy, and particularity of performance measures. The full extent of potential benefits of these new measures has yet to be explored in low-resource settings or with existing software functionality, but we can hypothesize the added value and implications for immunization programs and national health systems. The availability of individual-level data accessible in real-time provides the opportunity to redefine vaccination coverage and drop-out, and enables the calculation of new measures that are not currently captured in routine reporting such as dose validity and timeliness (as summarized in Table 1 ). Additionally, leveraging EIR data can address accuracy issues inherent in using aggregate administrative data, such as poor recording practices, along with allowing for new measures to be calculated that can allow programs to more easily act on their data at the right time [21] . Primarily the added value of using these data is that they provide a more granular and timely picture of children susceptible to VPDs by age and antigen at both the individual and population levels. We have summarized the strengths and weaknesses of EIR data compared to aggregate administrative RHIS and survey data in Table 2 . Below we illustrate how improved definitions can be used by considering how measures would change amongst a small cohort of children.
Dose validity and timeliness
Unlike paper-based systems, EIRs allow for efficient collection and access of children's vaccination administration dates and date of birth. This allows for vaccination validity and timeliness to be calculated based on a child's age and time between administration of doses in a series. Many countries already have specific definitions of validity and timeliness for each recommended vaccine, we simply present some considerations for how countries newly implementing EIRs can calculate these measures [22, 23] . Validity and timeliness measured using EIR data can be based on multiple criteria and use empirical evidence that allows them to be more applicable and actionable for a particular population. For measuring vaccine validity, when using individual-level data for the numerator, children administered doses early would be considered invalid (as this is not a recommended practice), while those administered on-time or after the scheduled date would be considered valid for those doses (taking into consideration clinical guidelines). (Fig. 1 ) For completion of a vaccination series, validity would be dependent on whether there was the correct interval of time between all doses. The number of children receiving all doses within the appropriate intervals can then be calculated as a new measure.
Once dose-validity is determined, this information can be incorporated with vaccine administration timeliness to assess and/or update a child's vaccination schedule. With individual-level data, the timeliness of each vaccine's administration can be assessed based on a child's particular, age-appropriate, vaccine schedule. (Fig. 2) Vaccination timeliness can also be calculated as time since the previous dose in a vaccine series was administered. If a child falls behind on their vaccination schedule, their next scheduled visits can be updated to reflect the delay in their schedule, while maintaining the proper amount of time needed between subsequent doses to ensure acquisition of immunity. The number of children receiving a single type of vaccine on-time can be calculated along with how many received all vaccinations on-time. Large gaps in vaccination coverage have been found in some countries when comparing children receiving up-to-date versus age-appropriate vaccinations, demonstrating the added value EIRs provide by being able to actively track timeliness [24] .
More defined and specific categorizations of vaccination schedules can be used when the timeliness of vaccination administration is included in performance measurements; instead of only considering if a child is up-to-date on their vaccinations, children's vaccination schedules can be categorized as on-time (age-appropriate), delayed, or lost to follow-up (defaulter). Some organizations and countries are already routinely using these types of categorizations, such as PAHO, to evaluate missed opportunities for vaccination [22] . Because individual-level data can also track whether a child switches schedule categories, this would also need to be reflected in coverage calculations. For instance, how would a child previously lost to follow-up be included in the denominator? Additionally, tracking the proportion of doses given early would provide immunization programs with a new measure of tracking performance as it indicates whether healthcare workers are following proper immunization practices or not.
The definition of timeliness can be modified to reflect the practices of a particular population or program. For example, in Kenya, an electronic vaccine monitoring system was used to measure vaccination coverage and timeliness; ''up-to-date vaccination coverage" was considered the proportion of children vaccinated by their first birthday, and ''age appropriate vaccination" was considered the proportion of children vaccinated within 4 weeks of the age of vaccine eligibility. [25] Using a strict definition of timeliness, as the exact date a vaccination is due according to a child's birth date or the administration of a previous dose, may not be Fig. 1 . Example of calculating number of valid doses. 
Vaccination coverage
The use of individual-level data allows for both the numerator, number of children receiving a valid dose, and denominator, number of children recommended to receive a vaccination, to be more accurately and purposefully measured for calculating vaccination coverage. There are multiple options for calculating coverage when data are readily accessible and constantly being updated within an EIR. With the ability to include a child's age in the vaccination coverage calculation, coverage can be calculated for a specific age cohort based on compliance with the recommended vaccine schedule [4] . Cumulative cohort coverage can be calculated on a rolling basis. (Fig. 3) The number of fully immunized children (FIC) can be calculated along with the number of children up-to-date for age. These measurements would replace the use of measlescontaining vaccine coverage as a FIC proxy, which is commonly done in LMICs due to the burden of reviewing paper-based records. Coverage calculations can further be disaggregated by crude (any dose administered, regardless of timeliness) versus valid doses administered and whether children were on a delayed schedule. Use of specific time periods or age groups for the coverage denominator will be dependent on the purpose and use of the coverage estimate, each option has its own benefits and limitations for use by immunization program managers [26] . For instance, if the denominator includes a rolling cohort of children versus a fixed year or birth cohort how does this change the usefulness of the measure for a manager?
A further consideration needed for calculating vaccination coverage using individual-level data is determining which children should fall into a given target population. For some countries, target populations or catchment populations have been estimated from census data, based on the total population within a given geographic area. However, these data are often inaccurate and unspecific and therefore EIRs allow for these populations to be redefined. Coverage calculations can use the number of children registered in the EIR system or an estimate from an external source as the denominator. For instance, if a child is seen at multiple facilities, does each facility include the child in their coverage estimate or is the child only included in their ''home" facility's estimate? This question brings to light the differences in potential denominator groups; these groups can be defined by a ''home" facility, the last facility a child visited, the geographic area of residence, or the most frequently visited facility. One study using IIS data to explore methods for defining denominators for vaccine coverage estimates amongst adolescents in the United States found a 20% difference in coverage between methods [27] . It is likely that the best suited definition depends on the practices of a particular population or performance measurement goals. For each of the aforementioned examples of denominator groups, the number of non-health service seeking children would also need to be accounted for in order to estimate population coverage.
Drop-out and lost to follow-up
Using EIR data, immunization programs can better identify children not completing their schedules and follow-up to ensure they receive their scheduled doses. The current methodology for calculating drop-out is a crude estimate as it does not take individual drop-out into consideration and compares different cohorts of children. At the aggregate level, the additional level of specificity brought by EIRs can allow immunization programs to identify customized solutions to better target these different groups, or individual children. Established vaccine registries in the United States have found that these data give supervisors more oversight over their program's performance enabling them to take meaningful action, develop intervention strategies to target poor performance areas, improve clinic workflows, and identify opportunities for additional HCW and patient education [28] .
Measuring the number of children lost to follow-up, or those children not returning to any facility for vaccination, can be defined using multiple criteria stemming from individual-level data. Some EIRs may allow for reasons for children not receiving a vaccine to be captured. In the case that there is a vaccine stock-out or a caregiver refuses for their child to be vaccinated, these reasons can be tracked alongside the number of children not returning for a scheduled vaccination so immunization programs can better target their activities. Individual-level data allow immunization program staff to quantify the time between visits and they can assess trends of children returning or those lost to follow-up. The definition of a child lost to follow-up can be specifically defined and made relevant to a given population based on observed trends in service delivery and healthcare seeking behaviour for that area. (Fig. 4) Along with individual-level data, the use of new technology to capture these data increases the possibilities for better tracking children across time and geography. Centralized EIRs allow for children's vaccination records to be linked across facilities, thereby allowing more visibility into which children are lost to follow-up versus those who have simply switched facilities, which can then help improve the accuracy of facility coverage estimates. Denominators for coverage calculations will need to capture children switching facilities over time, the impact of this movement may vary by location and size of the administrative area. With more accessible data, missed opportunities for vaccination can be assessed at sub-national levels; these are common occurrences, but are not often tracked due to the limitations of available data [29] .
Challenges and considerations for using EIRs
Despite the numerous potential benefits of using data generated by EIRs, challenges and limitations with use of the data persist. LMICs transitioning from paper to electronic systems will have to consider the impact of these limitations when using EIRgenerated data to calculate performance measures. Similar to many information systems, the completeness and quality of data input into the system dictates the accuracy of the estimates generated by the system, contingent on the system's design, user compliance, and system maintenance.
Completeness of EIR datasets remains a consistent challenge for even well-established systems [30] . A study conducted in China found that discrepancies between EIR and survey data were largely influenced by under-registration in the EIR, requiring continued reliance on survey data to produce reliable vaccine coverage estimates [31] . Studies from the United States have found that electronic IISs provide more complete records when compared to medical records (paper and electronic) or parent report, but strategies are needed to improve data completeness [32] . Consistent use of unique identifiers and the utilization of systems during all immunization events is crucial for ensuring children's records are complete. Also, deceased individuals or those moving out of the area should be designated as active/inactive to ensure that measures are not over or under inflated, as recommended in the United States [33] . Routine identification of duplicate records is also needed to ensure children or vaccine doses are not doublecounted. Methods for overcoming completeness and quality issues have been studied by various immunization programs, however these methods are often tailored to health seeking practices amongst specific populations. For instance, the Oregon State IIS in the United States uses temporal comparisons to understand if vaccination coverage is better or worse than expected to mitigate issues of data incompleteness [34, 35] .
Potentially significant data cleaning may be needed to calculate redefined vaccination measures using electronic systems if built-in data quality checks and verification are not robust or if users are poorly trained on preventing these types of issues. Programs transitioning from paper to electronic systems may grapple with new data quality issues that will require stringent guidance on how to properly input vaccination history data. For instance, if a child has a documented 3rd dose in a vaccination series recorded in their home-based record, should a nurse assume they received the 1st and 2nd dose as well? If legacy data is not back-entered consistently for all children, vaccination coverage estimates would be inaccurate for all doses administered prior to the introduction of the EIR. The American Immunization Registry Association (AIRA) has recently published guidance on data quality practices for use of EIR data to tackle these potential limitations [36] .
Calculating accurate estimates of performance measures using EIR data will likely remain elusive until the challenges mentioned above have been addressed by immunization programs. As transitioning countries continue to use paper based tools, along with electronic systems and surveys, they will have to determine which data source produces the most valid and accurate estimates. One study in Kenya found that routine survey data underestimated vaccine coverage while administrative data overestimated coverage, compared to EIR data [25] . If the estimates generated by each data source are considered valid in their own respect, how will program managers determine which estimate is accurate for a particular population? Additionally, accurately estimating the target population is likely to remain a challenge as the use of individual-level data made accessible by EIRs can only help estimate vaccination coverage among the healthcare seeking population captured in the system. As countries transition from paper to electronic data systems, they will have to decide when the EIR data is considered accurate enough to replace paper-based data and satisfy reporting requirements of WHO and Gavi, the Vaccine Alliance.
Additionally, although the effectiveness of electronic systems for improving immunization program performance seems promising, evidence gaps exist [37, 38] . On-going health system and government limitations also threaten the sustainability of the EIRs. [39] [40] [41] In PAHO, countries implementing EIRs have found that it is a time-intensive process that requires continuous human and financial support [16] . Challenges to using EIR data can be exacerbated if the system is not implemented in a well-functioning environment that provides consistent system maintenance and supports data use.
Future directions
Future upgrades to EIRs and IISs can include clinical decision support features to help HCWs determine valid doses and to track patient contraindications and precautions for administering specific vaccines to increase patient safety. Dose validity can further be refined as additional information is incorporated into an immunization information system, e.g., history of immunity or disease, vaccine product details, route of administration, and cold chain history. Pairing individual-level data with other health facility measures and patient characteristics introduces new possibilities for assessing program performance. For instance, stock data can be compared to the individual data on vaccines administered and scheduled to more accurately estimate vaccine supply and demand at the facility level, improving vaccine ordering practices. As technology continues to improve, more sophisticated software functionality can feed the data into algorithms and predictive modelling to help HCWs identify children at risk for not returning for a scheduled vaccination.
Although EIR data has been most commonly used to evaluate vaccination coverage, the data may prove valuable to other programs and activities beyond routine immunization [42] . The data can be used to identify immunity among children during a VPD outbreak response to quickly vaccinate only those susceptible, allowing for resources to be conserved. Vaccine efficacy studies can utilize individual-level data for new vaccine introductions. Individual RHIS data can be utilized for program evaluations and research studies using quasi-experimental designs [43] . As one of the strongest childhood health programs, better understanding vaccination coverage using redefined definitions can help improve countries' push towards healthcare equity and universal health coverage, by helping to identify children left out of healthcare services. When designing or updating national electronic IISs, countries should consider which measures they are most interested in tracking over time a priori and build these into their systems with considerations for how they can be used by other programs [14] .
Conclusion
As the use of EIRs continues to increase, countries will have the opportunity to collect more timely, accurate, and particular information on childhood vaccination coverage, but will continue to face limitations for measuring progress. Using individual-level data to redefine and create new common measures of immunization program performance provides numerous opportunities for supervisors and managers to have better oversight and improved decision-making capacity for their activities. The challenges of data quality and completeness will continue to be problematic until EIRs are consistently used for all children within a geographic area. However, these data are still an improvement on historic methods for measurement. Countries that are close to reaching target vaccination coverage goals can utilize the particularity of measures based on individual-level data to pinpoint their weakest areas and use resources efficiently to improve coverage against VPDs.
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